Melt processing offers a cost effective method for producing metal matrix 2 nanocomposite (MMNC) components; however, the influence of nanoparticles on the 3 evolving microstructure during solidification is still not well understood. In this study, 4 the effect of SiC nanoparticles on α-Mg dendrite evolution in a Mg-25Zn-7Al (wt.%) 5 alloy was investigated through 4D (three dimensions plus time) synchrotron 6 tomographic quantification of solidification experiments conducted at different cooling 7 rates with and without nanoparticles. Key features of the solidifying primary α-Mg 8 dendritic grains were quantified, including grain morphology, size distribution, and 9 dendrite tip velocity. To obtain the high-contrast tomography dataset necessary for 10 structure quantification, a new image reconstruction and processing methodology was 11 implemented. The results reveal that the addition of nanoparticles increases grain 12 nucleation whilst restricting dendritic growth and altering the dendritic grain growth 13 morphology. Using LGK model calculations, it is shown that these changes in 14 solidification microstructure occur as a result of nanoparticle-induced restriction in Zn 15 effective diffusivity ahead of the dendrite tips, reducing tip velocity. The results both 16 suggest the key phenomena required to be simulated when numerically modelling 17 solidifying Mg-based MMNC and provide the data required to validate those models. 18 19
Introduction

23
Nanoparticle (NP) reinforced light metal alloys, commonly known as metal matrix 24 nanocomposites (MMNCs), are gaining interest for transportation, aerospace and 25 defense applications due to their low density and high specific strengths [1, 2] relative 26 to non-reinforced alloys. The strength enhancement results from the combination of 27 precipitate strengthening and grain refinement, depending on the type of particles 28 including SiC, Al2O3, TiB2, Y2O3 and AlN [3] [4] [5] [6] [7] . MMNCs are of particular interest for 29 near-net-shape castings where the solidification microstructure plays a key role in 30 determining the final microstructure and thus the in-service mechanical properties of 31
components. 32
In recent years, great effort has been made to explore the influence of NPs on liquid 33 metal processing, solidification microstructure and mechanical behaviour [1, 2, [8] [9] [10] [11] [12] [13] . 34
Observations of the post-solidified microstructure containing NPs revealed a much finer 35 grain structure than their NP-free counterparts [9, 11, 14] , suggesting a grain refinement 36 effect. In one study, the size of Mg grains decreased from 110 µm in the NP-free alloy 37 to 30 µm in samples containing 6 vol.% SiC NPs [14] . A second study showed that the 38 dendritic growth was restricted when TiC0.7N0.3 NPs were added to a Sn-Al alloy, 39 leading to a fine microstructure [15] . Other interesting effects, such as the modification 40 direct experimental observation, are limited [16, 21, 22] . One early study [21] examined 48 particle-interface interactions in a transparent organic system, showing that the particles 49 influenced morphological transitions, such as dendritic-to-cellular, and caused dendrite 50 tip splitting and hyper branching. Due to the advent of 3 rd generation synchrotrons, time 51 resolved studies of structural evolution in a wide range of metallic materials are now 52 possible, through either 2D synchrotron X-ray radiography [23] [24] [25] [26] [27] or 3D synchrotron 53 X-ray tomography [28] [29] [30] [31] [32] [33] [34] [35] [36] . Recently, this last method has been used to investigate the 54 effect of nanoparticles on solidification microstructure development in Al alloys to 55 reveal dendrite growth mechanisms in fcc crystal structures in the presence of NP's [16, 56 22] . Although 2D radiography provides faster imaging acquisition speed, 3D 57 tomography provides better structural detail while still possessing reasonable temporal 58 resolution. For some cases where the microstructure is very complex, such as hcp alloys 59
[37-40], 3D tomography is required as the sample geometry for 2D radiography, being 60 very thin, restricts growth. 61
In this work, the influence of SiC NPs on the nucleation and growth of α-Mg 62 dendrites during solidification is investigated in a Mg-Zn-Al alloy through fast 3D 63 synchrotron X-ray tomography. The effect of NPs on the dendritic growth is examined 64 for two different cooling rates, 3 and 12 o C/min. The difference in dendrite nucleation,growth, and morphology, is contrasted with and without NPs, to reveal the impact of 66
NPs on the microstructure during solidification. It is noted that these experiments are 67 designed to study the microstructural evolution under the influence of NPs, and not to 68 directly observe the NPs themselves. Analytical modelling is then performed to develop 69 appropriate theoretical ideas that explain the influence of NPs on dendritic growth in 70
Mg alloys. 71 72
Materials and experimental methods 73
Sample preparation 74
Model magnesium alloys, Mg-25wt.%-Zn-7wt.%Al (NP-free, or containing 75 ~0.7wt.% SiC NPs), were used in this study. The alloys were prepared by combining an 76 AZ91D (Mg-9wt.%Al-0.5wt.%Zn) (or AZ91D containing 1wt.% SiC NP 1 ) alloy and a 77
Zn ingot (99.9%) in a steel crucible, and melted under argon gas protection. Zn was 78 added to improve image contrast during synchrotron X-ray tomography [29] . Ultrasonic 79 treatment was applied to the NP-containing alloy to break up any agglomerated NP 80 clusters and homogenize the chemical composition. The ultrasonic treatment was not 81 applied to the NP-free alloy. In both cases, the melt was then cast into a preheated mild 82 steel mould [10] . Finally, small cylindrical samples of ~ 1.2 mm were machined 83 1 The processing procedure creating the original AZ91D alloy containing SiC nanoparticles (average size: ~40 nm) is described in ref. [9] .
following the method described in ref. [28] . 85
Synchrotron solidification experiments 86
The in situ synchrotron X-ray tomography experiments were carried out at the 87 Diamond-Manchester Beamline (I13-2) of the Diamond Light Source (DLS, U.K). 88
During each experiment, the sample was heated up to ~ 30 o C above the liquidus 89 temperature and held at that temperature for 20 min (10 min for the NP alloy in order to 90 minimize NPs agglomeration). Then, the sample was solidified by applying a prescribed 91 cooling rate. In total, 4 experiments were performed on 2 alloys (NP-free, NP) and at 2 92 cooling rates (3, 12 o C/min ). 93
The tomography scans were recorded during solidification using a pink beam 94 (energy range 15-30 keV) and an imaging system composed of a 4× objective, a single 95 crystal CdWO4 scintillator, and a PCO Edge 5.5 CMOS camera that was binned to 1280 96 × 1080 pixels, resulting in 1.6 µm/pixel. For each scan, 1200 projections were acquired, 97 each at an exposure time of 12 ms, resulting in a scan time of 14.4 s. Note however, that 98 the scan-to-scan cycle time was 36 s, due to a time delay needed for system 99 re-initialization. The 36 s cycle time corresponds to 1.8 and 7.2 o C, respectively, for the 100 cooling rates of 3 and 12 o C/min. Accordingly, the error in temperature for the features 101 in each tomographic image is assumed to be the same value. 102 7
Image reconstruction and processing methods 105
Due to the complexity of the images, multiple reconstruction methods were tested. 106
The collected tomographic data was initially reconstructed using a conventional Filtered 107
Back Projection (FBP) algorithm [38] . However, the reconstructed images obtained 108
were of low contrast, noisy, and contained severe ring artefacts; therefore, they were not 109 suitable for segmentation and quantification ( Fig. 1 (a) ). To overcome this restriction, a 110 model-based iterative reconstruction (MBIR) algorithm was developed, based on the 111
Group-Huber data misfit method. This technique significantly improves segmentation 112 while minimizing ring artefacts ( Fig. 1 (b) ) [41, 42] . Additionally, 3D edge-preserving 113 regularization was used to stabilize convergence and further improve the signal-to-noise 114 ratio of the MBIR algorithm. The regularization consisted of two terms: total variation 115 (TV) semi-norm and a higher-order Lysaker-Lundervold-Tai (LLT) penalty [41] . The 116 TV-related sub-problem was solved using the Split-Bregman algorithm [40] and the 117 LLT-related 4 th order partial differential equation was minimized explicitly. The convex 118 combination of two solutions was taken in order to achieve a piecewise-smooth 119 reconstruction. Note that the piecewise-constant solution obtained using the TV-term 120 alone is not suitable for this data. When using TV regularization alone, the 121 reconstructed dendritic branches have unrealistic saw-shaped surfaces, Fig. 1 (c) . In 122 contrast, an averaged combination of TV and LLT penalties led to segmented data that 123 are locally smooth and better fit the physical expectations of the data, Fig. 1 (d) . Thefound in [43] . 126
After the image reconstruction and pre-processing, the dendrites were segmented 127 using a global threshold value. The data was cropped to a small volume and analysed 128 using the Image J and Avizo @ (Thermo Fisher Scientific, USA) software tools. 129 2(e-h) and Fig. 2(m-p) , for the same cooling rate. Thus, a significantly finer 140 solidification microstructure was obtained through the addition of SiC NPs, indicating 141 enhanced grain nucleation. Second, the faster cooling rate of 12˚C/min also led to a 142 finer grain structure in both the NP-free and the NP alloys, Fig. 2(a-d) and Fig. 2(e-h) , 143 as compared to Fig. 2(i-l) and Fig. 2(m-p) . Third, the shape of the NP-free grains 144 appears to be dendritic, while the shape of the NP grains appears to be more globular.
oxide skin of the sample or on pre-existing pores (black regions in Fig. 2 ) within the 147 melt (which most likely have an oxide at their surface). After nucleation, the dendrites 148 that nucleated on the sample surface grew towards the centre because of the presence of 149 a small thermal gradient between the "cooler" wall relative to the interior of the sample. 150
However, the thermal gradient was not quantified. Dendrites that nucleated in the 151 interior of the melt grew in all directions, forming very complex equiaxed branching 152 structures. All of these details are examined further in 3D, below. Each grain was further analysed to determine the location of the grain centre relative 181 to pores/oxides within the sample. For the NP-free alloys, it appeared that the origin / 182 centre of all grains was in contact with a pore or oxide. For the NP alloy, ~5% of the 183 grains nucleated directly in the liquid, without being in contact with a pore. This 184 suggests the one nucleation mechanism is on oxides either in the melt or even moreeach image in Fig. 3 . There appears to be a discrepancy between the temperature and 188 solid fraction in the faster cooling rate case, Fig. 3(g-l) , as the calculated solid fraction 189 value is not large enough for the given temperature below Tl, and in some cases is 190 smaller than the corresponding value for the slower cooling rate change. This issue is 191 attributed to a larger temperature error at the higher cooling rate, as one scan covers 192 Specifically, the peak frequency for the NP-free sample cooled at 3 o C/min only 198 increases slightly (red curve in Fig. 4(a) ), and then stabilizes afterwards (black curve in 199 Fig. 4(a) ), whereas the curves for the NP alloy become much wider as solidification 200 progresses, with an increased value at the peak. This suggests that growth may be 201 restricted in the NP containing samples, allowing greater undercooling to achieve in the 202 remaining interdendritic liquid and activating more of the heterogeneous nuclei there. 203
The data shown in Fig. 4 was also used to quantify the overall volume-averaged 204 equivalent diameter of the grains cooled at 3 o C/min as a function of temperature below 205 the melting point: 78±21 µm, 109±24 µm, and 184±31 µm for the NP-free sample, and 206 50±7 µm, 61±14 µm, and 93±26 µm for the NP sample, at the temperatures shown in 207 Fig. 3(a-c) and Fig. 3(g-i) , respectively. Similar trends were observed in Fig. 4(b) , for 208 the cooling rate of 12 o C/min, i.e. the volume-averaged equivalent diameters of the 209 grains are 56±10 µm, 88±28 µm, and 99±35 µm for the NP-free sample, and 42±7 µm, 210 52±12 µm, and 62±14 µm for the NP sample at the temperatures shown in Fig. 3(d-f)  211 and Fig. 3(j-l) , respectively. Thus, the average grain size is on the order of 50% smaller 212 when NPs are added to Mg, for the same cooling conditions. The measured data 213 presented in families have also demonstrated, via optical metallography, the efficacy of SiC 240 containing master alloy for grain refinement. Unfortunately, we did not find any direct 241 evidence, such as the observation of SiC within the centre of a grain, to prove this 242 hypothesis; however, the observation of direct nucleation in the melt when NPs are 243 added suggests the mechanism is possible, but is not a dominant factor (since only ca. 5% 244 of the grains nucleated in this manner). 245
Although clustering of grains occurs, and increases the effective size of the potential 246 nuclei, we would argue that the random crystallographic orientation of individual 247 particles would reduce, rather than increasing a cluster's potency as a nucleus. Al4C3 is highly soluble in water and will dissolve out of the matrix during sample 257 preparation for metallography [49, 50] and (ii) the small quantities that may form are 258 not sufficient for detection via XRD. 259
Another potential secondary influence of NPs is that they help stabilise the 260 formation oxides that act as a nucleant. We observed that in both the NP containing 261 (95%) and in the NP free samples (100%) of the grains appeared to grow from oxides 262 either at the sample surface or on the surface of pre-existing pores. These pre-existing 263 pores form during the in situ melting, and are then stabilized by the formation of oxides, 264 e.g. MgO, that hold them in the melt. The number density and volume fraction of these 265 pre-existing pores increased significantly with the addition of NPs. Further, EPMA 266 compositional analysis of the NP and NP-free samples showed that the SiC content in 267 the NP samples was higher on many of the pore surfaces as compared to the overall SiC 268 content; this was not found on the pores of NP-free samples. MgO has been shown to be 269 an effective nucleation site for Mg [12] , as summarized in a review by St John et al. [6] .cause more oxide to form, and that the oxide acts as a nucleation site. We observed that 272 in both the NP containing (95%) and in the NP free samples (100%) of the grains 273 appeared to grow from oxides either at the sample surface or on the surface of 274 pre-existing pores (Fig. 2) . Additionally, the ultrasonic treatment (which was not 275 applied to the NP-free alloy) may have increased the MgO oxide content within the melt 276 as well. 277
Hypothesis 3 is that the presence of NPs in the melt acts as a barrier for diffusion of 278 the solutes causing growth restriction (Zn in this case), effectively increasing the growth 279 restriction factor. This causes the grains to grow more slowly, and hence the remaining 280 melt undercools to a greater extent, and hence more of the potential nuclei are activated. 281
Since this is an indirect impact on nucleation, it is discussed in detail in section 3.4 and 282
283
In summary, our results suggest that the influence of NP additions on grain size is 284 most likely a result of several mechanisms, but we hypothesise that the dominant 285 nucleation mechanism is the effect of NPs on increasing the amount of oxide in the melt. 286
We will argue later that an equally important effect is the influence NPs have on growth 287 restriction. [37]. Second, the addition of SiC NPs causes the dendritic structure to be altered 301 significantly, Fig. 5 (e-h) and (m-p). In the NP Mg-25Zn-7Al alloy, most of the dendrites 302 solidified at both cooling rates evolved towards a globular shape without obvious 303 preference in growth direction. In fact, it was not possible to identify the six-fold crystal 304 structure, and very few dendrites even possessed the fuzzy six-fold structure [29] . 305
Recent studies have shown that dendrites in binary Mg-Zn alloys tend to change 306 from a well-resolved six-fold hcp structure under low-to-moderate Zn content (e.g. 307
Mg-25wt.%Zn) to a hyper-branched structure with increased Zn content (e.g. than the experiments done in this study and may have resulted in increased particle 337 engulfment rather than particle pushing. 338
In order to quantify the difference in morphology between the dendrites in each 339 experiment, the grain solidity was analysed. Solidity is defined as the ratio of dendrite 340 volume to the volume of a convex hull envelope containing it. The solidity can be used 341 to determine the compactness of a structure; a higher value means that a structure 342 achieves a higher level of compactness. The values of solidity as a function of 343 solidification temperature are plotted in Fig. 6 . A number of observations can be made. 344
First, solidity increases upon cooling, meaning that a more compact structure is formed 345 as dendrites grow. It can be seen that the increase in solidity is greater at the lower 346 cooling rate of 3 o C/min as compared to 12 o C/min. Second, the grain solidity in the NP 347 samples is larger than in the NP-free alloy, suggesting that the dendritic structure is 348 more compact in Mg alloys containing NPs. This quantification is consistent with the 349 observations in Fig. 5(e-h) and (m-p) that dendrites in the NP samples appear to be 350 more globular in structure. Third, the largest change in solidity was observed in NP-free 351 sample cooled at 3 o C/min. This is likely to be caused by the dendrite coarsening that 352 accompanies dendritic growth [33] . As coarsening is a solute-controlled diffusionphenomenon [57] , a lower cooling rate and thus a longer diffusion time will increase 354 coarsening. 355
Calculation of dendrite tip growth velocity from tomographic datasets 356
The qualitative observations in Fig. 2 and Fig. 5 suggest that Table S1 , the initial 406 tip velocity for the NP-free alloy was determined. The values given in Table 1 show that 407 the tip growth velocity agrees reasonably well with the initial growth velocities 408 observed in the NP-free experiments performed at a cooling rate of 12 °C/min. Second, 409 the same equations were used to determine the effective diffusivity that resulted in the 410 analytically-calculated dendrite growth velocity matching the observed ones in the NP 411 case [60] . This resulted in a reduction in the effective diffusivity value by about 412 one-third as compared to the diffusivity for the NP-free alloy. This clearly supports the 413 hypothesis that adding NPs impacts dendritic growth by modifying the effective solutal 414 diffusivity ahead of the solid/liquid interface. 415 416
Conclusions 417
In situ 4D synchrotron imaging was performed to investigate the influence of SiC 418
NPs on grain nucleation and dendritic growth in a Mg-25wt.%Zn-7wt.%Al alloy. 419
Analysis of the X-ray tomography datasets revealed that NP additions significantly 420 reduce the grain size. Several potential mechanisms are hypothesised, and our 421 observations suggest that SiC nanoparticles reduce grain size through two key 422 mechanisms: 1. they increase the quantity of oxide heterogeneous nuclei; and 2. NPs 
